Very promising results have been observed with a deoxyribonucleic acid (DNA) vaccine based on human papillomavirus type-16 (HPV-16) antigen retention and delivery system in the endoplasmic reticulum (ER). However, the mechanism by which these antigens are processed once they reach this organelle is still unknown. Therefore, we evaluated whether this system awakens a stress response in the ER. Different DNA constructs based on E6 and E7 mutant antigens fused to an ER signal peptide (SP), a signal for retention in the ER (KDEL), or both signals (SPK), were transfected into HEK-293 cells. Overexpression of E6 and E7 antigens targeted to the ER (SP, and SPK constructs) induced ER stress, which was indicated by an increase of the ER-stress markers GRP78/BiP and CHOP. Additionally, the ER stress response was mediated by the ATF4 transcription factor, which was translocated into the nucleus. Besides, the overexpressed antigens were degraded by the proteasome. Through a cycloheximidechase assay, we demonstrated that when both protein synthesis and proteasome were inhibited, the overexpressed antigens were degraded. Interestingly, when proteasome was blocked autophagy was increased and the ER stress response decreased. Taken together, these results indicate that the antigens are initially degraded by the ERAD pathway, and autophagy degradation pathway can be induced to compensate the proteasome inhibition. Therefore, we provided a new insight into the mechanism by which E6 and E7 mutant antigens are processed once they reach the ER, which will help to improve the development of more effective vaccines against cancer.
Background
Cervical cancer is the fourth most frequent type of cancer in women, and nearly all cases of cervical cancer are associated with Human Papillomavirus (HPV) infection. Although there are currently prophylactic vaccines to prevent cervical cancer (Schiller et al. 2012) , there is still no therapeutic vaccine available to treat this condition. Therefore, several groups have worked intensively to generate an effective therapeutic vaccine against HPV. Targeting HPV-16 antigens, such as E6 and E7, to the endoplasmic reticulum (ER) enhances its antitumor response (Loera-Arias et al. 2010; Oosterhuis et al. 2012; Perez-Trujillo et al. 2017 , Perez-Trujillo et al. 2018 ). However, the mechanism responsible for enhancing the antitumor response is still unknown.
The quality control of synthesis and assembly of proteins is carried out in the ER. Therefore, the ER is important for the induction of specific immune responses since the assembly of the major histocompatibility complex-I (MHC-I) molecules with epitopes, for their subsequent presentation, occurs in this organelle (Comber and Philip 2014) . ER role has lead to the question of whether sending antigenic epitopes to this organelle could increase the Electronic supplementary material The online version of this article (https://doi.org/10.1007/s12192-018-0952-8) contains supplementary material, which is available to authorized users.
antitumor immune response through the direct load on the MHC-I (Sherritt et al. 2001) .
The accumulation of poorly folded proteins alters ER homeostasis inducing an ER-stress response (Oslowski and Urano 2011) . Unfolded Protein Response (UPR) is the first system activated to maintain equilibrium within the ER (Brostrom and Brostrom 1998; Hetz 2012) . Under ER stress conditions, the UPR reduces the loading of poorly folded proteins for survival through various mechanisms including ER membrane expansion, selective synthesis of key components of protein folding machinery, and the quality control and attenuation of the protein influx in the ER of stressed cells. As a result, there is a positive regulation of the transcription of resident ER proteins as chaperones and enzymes involved in protein folding in the ER (Brostrom and Brostrom 1998; Hetz 2012) . When the proteins cannot be correctly folded, they are degraded through the endoplasmic reticulum-associated degradation (ERAD) complex (Bonifacino and Weissman 1998) . If stress persists, the cell activates some pathways such as autophagy (B'chir et al. 2013; Senft and Ronai 2015) and finally, apoptosis (Wu and Kaufman 2006; Mak et al. 2008) .
Previously, our research group, demonstrated that a DNA vaccine construct with full-length HPV-16 E7 flanked by ERtargeting sequences induced a strong antitumor response in a mice model of cancer (Loera-Arias et al. 2010; Perez-Trujillo et al. 2017; Perez-Trujillo et al. 2018) . However, the mechanism underlying this effect is still unknown. We hypothesize that once the antigens reach the ER, they accumulate and induce an ER-stress response. Therefore, in this work, we aim to analyze whether targeting HPV antigens to the ER induces an ER-stress response. We found that transfection with the DNA constructs directing expression of the antigens to the ER stimulated the activation of an ER stress response. These results will allow us to expand the knowledge of this technology and develop more effective strategies in the future to design efficient treatments against cancer and other diseases.
Methodology

DNA constructs
DNA constructs are reported elsewhere (Perez-Trujillo et al. 2018) ; briefly, the SP-E6E7m-KDEL sequence (GenBank Accession no. KP898251), including codon optimization and restriction sites, was designed in silico and synthesized by Eurofins Company (Huntsville, AL). SP refers to the ER-signal amino acid sequence, which is MLLPVPLLLGLLGLAAAL. KDEL is the four-amino-acid sequence for ER retention. Mutant versions of HPV-16 E6 and E7 antigens were used to eliminate the risk of cellular transformation. This sequence was subcloned into pUMVC4a plasmid (Aldevron, ND) under a cytomegalovirus (CMV) promoter, and then, the SP signal sequence and/or KDEL sequence was removed with restriction enzymes to generate the constructs SP-E6E7m (without KDEL signal), E6E7m-KDEL (without SP signal), and E6E7m (without any signal). An rCRT-E7 construct was used as a reference control in some of the experiments, which consists in the calreticulin gene (an ER-resident chaperone from which the SP and KDEL sequences were obtained) fused to E7 antigen. This sequence was donated by Dr. Jorge Gomez-Gutierrez from the Division of Surgical Oncology of the University of Louisville (Louisville, KY, USA) and was cloned into pUMVC4a plasmid. For simplicity, the constructs' names are abbreviated as following: SPK, refers to the construct with the antigens flanked by the SP and KDEL sequences; SP, refers to the construct with the antigens flanked only by the SP sequence; K, refers to the construct with the antigens flanked only by the KDEL sequence; NS, refers to the construct with the antigens flanked by no signal; E, refers to the empty vector, used as negative control; and CRT, refers to the construct with E7 fused to calreticulin.
Plasmid purification
Strains of Escherichia coli DH5α containing the different constructs were grown in 200 ml cultures in Luria-Bertani broth medium. To obtain plasmid DNA, medium-scale purifications were performed with the Plasmid Midi Kit (QIAGEN, Mexico), and further characterization of the gene constructs was carried out. An empty vector (E) was used as negative control. Cultures were incubated overnight at 37°C at 150 rpm. The midi-preps were carried out following the instructions of the kit manufacturer. Once the purified DNA was obtained, the concentration was quantified on a spectrophotometer using the following formula: 1 (A260) DNA unit = 50 μg/ml. The DNA was stored at − 20°C until further use.
Cell line
HEK-293 (CRL-1573) cells were purchased from the American Type Culture Collection (Manassas, VA, USA) and were cultured in Dubelcco's Eagle Modified Medium (DMEM) supplemented with 10% heat-inactivated fetal bovine serum (Corning), 1 mM L-glutamine (Corning) and 100 U/ml penicillin/streptomycin (Corning) and were maintained at 37°C in a 5% CO 2 atmosphere.
Cell transfection
HEK-293 (5 × 10 5 ) cells were plated in 6-well plates to be transfected with 2 μg of DNA from each construct and 6 μl of the TurboFect in vitro Transfection Reagent (Thermo Fisher Scientific, USA) according to the manufacturer's instructions.
Protein extraction
Cells were harvested 48 h after transfection using a cell scraper, then the pellet was washed with PBS 1X and lysed with RIPA buffer (10 mM Tris-Cl pH 8.0, 1 mM EDTA, 0.5 mM EGTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS, 140 mM NaCl) with Protease and Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific Inc.) to disrupt the cells and obtain a protein extract. Cell extracts were quantified using Pierce BCA Protein Assay Kit (Thermo Fisher Scientific Inc.) and stored at − 80°C until use.
Immunoblotting
For protein detection, 25 μg of protein per lane was loaded on 12% polyacrylamide gels and subsequently transferred to PVDF membranes through a semi-dry transfer chamber (Bio-Rad). PVDF membranes were blocked with 10% skim milk, and immunoblotted with the following primary antibodies: anti-E7 (1:3000, Santa Cruz Biotechnology, #sc-65711), anti-GRP-78 (1:500, Santa Cruz Biotechnology, #sc-13968), anti-Calnexin (1:500, Santa Cruz Biotechnology, #sc-11397), anti-β-Actin (1:10000, Sigma-Aldrich, #A5441), and anti-LC3 (1:1000, Sigma-Aldrich, #L7543). The next day, membranes were washed with Tris-buffered saline supplemented with Tween 20 1X (TBST), and incubated with the secondary antibody anti-mouse HRP (1:2000, Sigma-Aldrich, #A9044), or anti-rabbit HPR (1:10000, R&D Systems, #FIN03), for 2 h. Then membranes were washed and developed with the SuperSignal West Pico Chemiluminescent Substrate kit (Thermo Fisher Scientific Inc.) following the manufacturer's instructions. The membranes were photo-documented with the C-Digit scanner (LI-COR), and the densitometry analysis was performed with the Image Studio software. Restore™ Western Blot Stripping Buffer (Thermo Fisher Scientific Inc.) was used for detection of different proteins on the same membrane following manufacturer's instructions.
To detect protein secretion, cells were transfected as mentioned above, and 25 μl of supernatants were loaded on 12% polyacrylamide gels. Proteins from cell fraction (25 μg) were loaded as a reference. Proteins from polyacrylamide gel were transferred to PVDF membrane and analyzed to detect E7 expression as mentioned before, using SuperSignal West Femto Chemiluminescent Substrate kit (Thermo Fisher Scientific Inc.) for detection of minimal amounts of proteins secreted.
Cycloheximide-chase assay ) cells were plated in six-well plates to be transfected with 2 μg of DNA from each construct and 6 μl of the TurboFect in vitro Transfection Reagent (Thermo Fisher Scientific, USA) according to the manufacturer's instructions.
Cells were incubated for 24 h and then 100 μg/ml of cycloheximide (Sigma-Aldrich) was used for 6 h and 12 h with or without the addition of MG132 (60 μM/ml, Tocris Bioscience) for evaluation of protein stability.
MTT assay
HEK-293 8 × 10 4 cells were plated in 24-well plates to be transfected with 400 ng of DNA from each construct and 1.6 μl of the TurboFect in vitro Transfection Reagent. After 48 h, MTT solution (0.5 mg/ mL, Sigma-Aldrich, #M5655) was added and cells were incubated for 4 h. Afterward, the cell medium was removed, and 400 μl of DMSO was added to dissolve MTT crystals. Absorbance was measured in an ELISA reader (Bio-Rad) at 590 nm with a reference filter of 620 nm.
Immunofluorescence
For immunofluorescence experiments, 2 × 10 4 HEK-293 cells were seeded in an eight-well Lab-Tek Chamber Slide (Thermo Fisher Scientific, USA). These were transfected with 100 ng of DNA and 0.4 μl of TurboFect reagent. Forty-eight hours after transfection, the cells were fixed and permeabilized, washing between each step with phosphate-buffered saline (PBS), and then a 1% BSA blocking solution was added for 1 h. Cells were washed and incubated with the primary antibody: anti-E7 (1:200), and anti-ATF4 (1:50, Santa Cruz Biotechnology, #sc-200) overnight at 4°C. The next day, cells were washed and incubated with the secondary antibody: antimouse Alexa Fluor 594 (1:200, Thermo Fisher Scientific Inc., #A11032) or anti-rabbit Alexa Fluor 488 (1:200 Thermo Fisher Scientific Inc., #A11008) for 2 h in complete darkness. Next, the slide was mounted in DAPI UltraCruz mounting medium (Santa Cruz Biotechnology) and analyzed by fluorescence microscopy to be photo-documented with the QImage Pro 7 program.
RNA purification and qPCR
RNA isolation was performed with GeneJET RNA Purification Kit (Thermo Fisher Scientific Inc.) according to the manufacturer's instructions. One microgram of RNA was used for cDNA synthesis using Maxima First Strand cDNA Synthesis Kit for RT-qPCR (Thermo Fisher Scientific Inc.). RT-PCR was performed using Maxima SYBR Green/ROX qPCR Master Mix (Thermo Fisher Scientific Inc.) with the following oligonucleotides: CHOP-F AGAACCAG GAAACGGAAACAGA; CHOP-R TCTCCTTCATGCGC TGCTTT; GRP78/BiP-F TGTTCAACCAATTATCAGCA AACTC; GRP78/BiP-R TTCTGCTGTATCCTCTTCAC CAGT; GAPDH-F GTGGACCTGACCTGCCGTCT; GAPDH-R GGAGGAGTGGGTGTCGCTGT. qPCR reactions were performed using a StepOne Real-Time PCR System (Applied Biosystems). Calculations were made using the 2 -ΔΔCt threshold cycle method and normalized to those of GAPDH rRNA.
Immunoprecipitation
To analyze protein ubiquitination, HEK-293 cells were transfected with the SPK and NS constructs using an empty vector (E) as a negative control. After 24 h, the proteasome inhibitor MG132 (0.5 μM/ml, Tocris Bioscience) was added for 24 h to inhibit the proteasome and accumulate the protein of interest. Subsequently, cells were lysed in RIPA buffer with NEthylmaleimide (NEM; Sigma-Aldrich) at 100 mM to inhibit deubiquitinases. The proteins were quantified, and 850 μg were used for immunoprecipitation with SureBeads Magnetic Beads kit (Bio-Rad, #161-4021) following the manufacturer's instructions. A total of 2 μg of the antibody against E7 (NM2, Santa Cruz Biotechnology) was used to immunoprecipitate E7 with 2 mg of the magnetic beads. Subsequently, the magnetic pearl + antibody + protein complexes were purified with the magnets. Once purified, the sample was eluted with 40 μl of 2X LB (BioRad) with protease inhibitors and NEM. After elution, 20 μl of precipitated protein was loaded on acrylamide gels and analyzed by Western blot (WB). A sample from the extracts before (25 μg, input) and after (20 μl, output) immunoprecipitation was included as a control. Endogenous human proteins containing K48linked polyubiquitin chains were detected with an antiubiquitin K48 antibody (1:2000, R&D Systems, #A-101). After stripping, the membranes were reprobed with an antiubiquitin antibody (1:1000, Abcam, #Ab7254), and finally, with the anti-E7 antibody (1:3000). Next day, the membranes were washed and incubated for 3 h with secondary anti-rabbit HRP antibody (1:5000, Santa Cruz Biotechnology, #sc-2004,) or antimouse HRP (1:5000, Abcam, #Ab6789). Lastly, membranes were washed and incubated with Super Signal West Femto Substrate kit (Thermo Fisher Scientific Inc.).
Statistical analysis
The results were analyzed and plotted using GraphPad Prism software with Tukey's tests for parametric multiple comparison samples. A P < 0.05 was considered significant. All experiments in this work were performed at least three times independently.
Results
Targeting antigens to the ER improve its expression level
In order to analyze the protein expression of our different constructs, we first standardized the transfection conditions of transfection with the gene construct SPK, which expresses mutant versions of HPV-16 E6 and E7 from HPV-16 fused to a signal peptide and a KDEL signal for targeting and retention in the ER (Fig. 1a) . Although the constructs express both E6 and E7 antigens as a fusion protein, in this work, only E7expression was analyzed because E6 expression has been corroborated in previous assays (Perez-Trujillo et al. 2017) . Cells from the HEK-293 line were transfected at different DNA concentrations (0.5, 1, 2, 3, 4, 5, or 6 μg) of the plasmid SPK to obtain the highest possible protein expression. Nontransfected cells (NEG) were included as a negative control. After 24 h, protein extracts were obtained and analyzed by western blot with anti-E7 and anti-β-actin antibodies, the latter as a loading control. The results indicated that the optimum DNA concentration for transfection was 2 μg, which was used in further experiments (Supplementary Fig.1) .
Thereafter, to determine whether SP and KDEL signals have an effect on E7 protein expression levels, we evaluated its expression in cells transfected with all our constructs. After 24 h, protein extracts were obtained and analyzed with anti-E7 and anti-β-actin antibodies. A significantly higher expression in the constructs where antigens were sent to ER (SP and SPK constructs) was observed, compared to the rest of the constructs. However, there was no significant difference between them (Fig. 1b) . Since SP construct lacks the KDEL ERretention signal, supernatants were analyzed to detect whether the antigens were secreted. We were unable to detect protein secretion from any of the cells transfected with our constructs (Fig. 1c) , which suggests that proteins with the signal peptide may be accumulating in the ER. These results demonstrate that the proteins found within the ER are more stable or are being degraded more slowly compared to the proteins outside the ER.
Targeting antigens to ER activate an ER stress response
Since we demonstrated that proteins directed to the ER are expressed at a higher level, the next question was to determine whether an ER stress response could be triggered as a consequence of protein accumulation on this organelle. Therefore, expression of GRP78/BiP, which is a major endoplasmic reticulum (ER) chaperone protein critical for protein quality control of the ER, as well as controlling the activation of the ER-transmembrane signaling molecules (Wang et al. 2009) , was evaluated at the indicated times in cells that were transfected with the construct that encodes the antigens with both SP and KDEL signals (SPK). In addition, the ER stress inducer Brefeldin A (BFA), which is a fungal metabolite that inhibits the transport of ER proteins to the Golgi apparatus, was used as a positive control (Donaldson et al. 1992 ). The ER-resident protein Calnexin, E7, and β-actin expression were also analyzed. As a result, a variation was detected in the expression of GRP78/BiP and E7 over time. Nontransfected cells (NEG) showed no GRP78/BiP expression. However, cells transfected with SPK construct showed a gradual increase of GRP78/BiP over time; with the highest expression at 48 h (Fig. 2a) . GRP78/BIP increased expression in response to BFA is also showed. The highest E7 expression was observed at 48 h. Calnexin and β-actin maintained basal expression during the different times. These results suggest that GRP78/BiP expression is related to E7 overexpression.
Afterward, we wanted to determine the influence of SP and KDEL signals on GRP78/BiP chaperone expression. To accomplish this, HEK293 cells were transfected with the CRT, NS, SP, SPK, K or E constructs. CRT is a construct used as a control that expresses wild-type E7 fused to calreticulin, which is an ER-resident chaperone. After 48 h, protein expression was analyzed. We observed that only cells overexpressing E6 and E7 antigens targeted to the ER (CRT, SP, and SPK constructs) showed ER stress with an increase of GRP78/BiP, which was also observed in response to BFA (positive control) (Fig. 2b) . These results suggest that GRP78/BiP increases in an attempt to restore protein homeostasis.
The chaperone calnexin is an integral protein of the ER that participates in the folding and quality control of proteins translocation into this organelle (Schrag et al. 2001; Leach and Williams 2013) . Then, we evaluated whether calnexin expression was altered in response to SP and KDEL signals in E6 and E7 antigens. We found that there is no significant difference in calnexin expression levels between the cells transfected with our different constructs and the negative control (Fig. 2c) . These results indicate that calnexin is not affected by overexpression of the antigens with the different signals.
To confirm ER-stress response activation, the expression of the ER-stress markers GRP78/BiP and CHOP (Nishitoh, 2012) was analyzed by real-time PCR. We observed a higher expression of GRP78/BiP in cells transfected with SP and SPK constructs (Fig. 3a) , while CHOP expression was only increased in the latter (Fig. 3b) . These results confirmed the ER-stress response activation in cells overexpressing E6 and E7 antigens targeted to the ER with SP and KDEL signals.
Expression of the ATF4 protein and its translocation to the nucleus are related to the stress effect in the ER, functioning as a transcription factor to overexpress chaperones related to the a b c Fig. 2 Relationship between the constructs of interest and chaperones related to stress. a Cells transfected with the SPK construct were used to perform a time curve, then immunodetections of the β-actin proteins were made, E7, GRP78, and calnexin. b The cell proteins transfected with the different constructs after 48 h of incubation were used to make the immunodetection of β-Actin, E7, and GRP78/BiP. c 48 h after transfection, the proteins β-Actin, E7, and calnexin were immunodetected. *P < 0.05 a b c Fig. 1 Analysis of the expression of the constructs of interest. a Schematic representation of DNA constructs used in this work. b Cells were transfected with the different constructs; 24 h later immunodetection was performed against E7 to detect the proteins. *P < 0.05, between SP and SPK in comparison with the rest of the constructs. c Protein secretion in supernatants from cells transfected with the different constructs were analyzed. Cellular fraction (CF) of SP and SPK constructs was loaded as a reference correct folding of proteins in this organelle (Harding et al. 2000; Kaufman 2004 ). We observed the expression of the ATF4 protein and its translocation into the nucleus in those cells treated with the constructs that direct their expression to the ER (CRT, SPK, and SP) ( Supplementary Fig. 2a ). This effect was obtained in a very marked manner in those cells that express E7 (Supplementary Fig. 2b ). These results support the accumulation of the antigen in this organelle activates the response to misfolded proteins, and this response may be different depending on the signals that the antigen has.
Targeting antigens to the ER does not induce autophagy
Once the ER stress response begins and progresses, the cell can try to recover the ER homeostasis through activation of the autophagy pathway to degrade the accumulated proteins. Therefore, we analyzed if overexpression of E6 and E7 antigens by our constructs, and particularly, the presence of SP and KDEL signals, was capable of inducing autophagy. For this, HEK-293 cells were transfected with the different constructs. After 48 h of transfection, LC3-II autophagy marker was analyzed. We observed that LC3-II was not modified in response to E6 and E7 overexpression by our constructs (Fig. 4a) . In order to corroborate this effect, autophagy flux was blocked with chloroquine (CQ), which is an inhibitor of the fusion of autophagosomes with lysosomes to avoid proteins degradation and further LC3-II accumulation (Mizushima et al. 2010) . Chloroquine (40 μM) was added 4 h before harvesting cells (Fig. 4b) . The results showed that there is no significant difference in LC3-II levels in response to E6 and E7 overexpression by our constructs when autophagy flux was blocked. In addition, we analyzed the cell viability of cells transfected with our different constructs at 48 h. As a result, there was no significant difference in cell viability between the different constructs. Cells viability was normalized to that of the non-transfected cells (NEG) (Fig. 4c) . We concluded that autophagy is not involved in the degradation of E6 and E7 antigens overexpressed by our constructs, and this overexpression does not induce cell death.
Antigens targeted to the ER are degraded by the proteasome
Endoplasmic-reticulum-associated protein degradation (ERAD) pathway targets misfolded proteins of the ER for ubiquitination and subsequent degradation by the proteasome (Ruggiano et al. 2014) . To determine if the antigens targeted and retained in the ER with SP and KDEL signals follow the ERAD pathway, E6 and E7 expression mediated by our different constructs was analyzed in the presence of MG132, a proteasome inhibitor. We observed that E7 was accumulated when proteasome was inhibited for 1 h in cells transfected with all our constructs (Fig. 5a ), confirming that E6 and E7 antigens located in the cytosol or in the ER are degraded by the proteasome. Next, we wanted to know whether E7 accumulation was due to proteasome inhibition or the antigens overexpression. A cycloheximide-chase assay was performed to inhibit protein synthesis in cells transfected with the different constructs. Differences in protein stability were evident depending on the presence of SP and KDEL signals in the antigens. When both protein synthesis and proteasome were inhibited, the overexpressed antigens were degraded (6 to 12 h) (Fig. 5b) . Interestingly, when proteasome was blocked autophagy was increased (Fig. 5c) . Additionally, autophagy decreases the ER stress response (Fig. 5d) . Taken together, these results indicate that the antigens are initially degraded by the ERAD pathway, and autophagy degradation pathway can be induced to compensate proteasome inhibition.
Finally, we investigated whether E7 antigen was labeled with ubiquitin to be degraded through the proteasome pathway. We immunoprecipitated E7 antigen (Fig. 6a) and evaluated its ubiquitination. E7 ubiquitination was detected when antigens were directed and retained in ER (SPK) (Fig. 6b) . Since K48 polyUb chains regulate protein levels by signaling a target protein for degradation by the proteasome, we evaluated its involvement in the degradation of E6 and E7 with SP a b for expression of GRP78/BiP. Empty vector was set as a reference sample. GAPDH was used for normalization. *P < 0.05, ** P < 0.001
and KDEL signals. K48 ubiquitination was not observed (Fig.  6c) . We concluded that E7 is ubiquitinated in a different amino acid residue that K48 to be degraded by the proteasome.
Discussion
Enhancing antigen immunogenicity is a major goal in the treatment of infections and cancer. Targeting plasmidencoded proteins to the antigen presentation pathways to increase antigen immunogenicity in the context of DNA vaccines has been studied in different works (Leifert et al. 2004) . Targeting and retaining an antigen in the ER through the addition of an SP and KDEL signals enhanced its antitumoral effect (Perez-Trujillo et al. 2017) . Thus, in this work, we aimed to analyze if the ER-stress response was involved in the mechanism underlying this effect. Constructs containing the signal peptide significantly overexpressed the antigens in comparison with the rest of the constructs (Fig. 1b) . Therefore, the proteins' location has a marked effect on their level of expression. Proteins located in the cytoplasm could be unstable and possibly be degraded more rapidly by the proteasome. Moreover, the antigens used in this work have mutations that eliminate its transformation potential (deletion in pRB binding motif aa 21-24), as well as mutations in the zinc-binding motifs. The last mutations have been demonstrated to increase protein degradation and induce a stronger cytotoxic T lymphocyte response than wild-type E7 protein (Shi et al. 1999 ). This may explain why cytosolic antigens in our experiments were rapidly degraded. On the other hand, when directing protein expression to the lumen of the ER, the proteins could be accumulated in this organelle and awaken another type of response for its processing. Due to the above, the hypothesis arises of whether proteins that are sent and/or retained in the ER induce an ER-stress response by the protein overload or by the accumulation of poorly folded proteins.
In fact, about one third of the newly synthesized proteins have folding faults (Yewdell 2001) . The present work demonstrates that the constructs that send and retain the antigens in the ER induce overexpression of the ER stress marker GRP78/ BiP. In addition, antigen fused to calreticulin lead to overexpression of GRP78/BiP, but interestingly, not as high as antigens fused only to calreticulin's signal peptide (Fig. 2b) . This could be because calreticulin expression is induced by a UPR response (Lee et al. 2007) , and perhaps, calreticulin overexpression may diminish the UPR response as a negative regulatory mechanism. Nevertheless, this must be demonstrated. We found as well, nuclear translocation of ATF4 in all constructs that direct antigen to the ER (Supplementary Fig. 2 ). This indicates that there is a stress response as a reaction to the maintenance of homeostasis and cell survival.
The levels of calnexin detected after transfection with the different constructs were higher in the case of E7 fused to calreticulin, although this difference was not significant (Fig.   2c ), indicating that there is no relationship of its expression to the UPR response induced by the constructs. Calnexin may not be involved in the response to UPR stress in ER, but the absence of this chaperone leads to activation of the pathway (Coe et al. 2008) .
When chaperone activity is insufficient to maintain proteome stability, the excess of misfolded proteins may accumulate by altering cell function and cell homeostasis. Protein damage, incorrect folding, and unnecessary aggregates are degraded by the proteasome or by autophagy-lysosomal pathways (Tanaka and Matsuda 2014) . In cases where ER stress cannot be reversed, cell functions deteriorate and often lead to cell death (Sano and Reed 2013) . No autophagy induction or cell death was observed in cells transfected with these constructs (Fig. 4) , although more experiments should be done to demonstrate this to a greater extent.
At present, it is known that ER maintains protein homeostasis through the elimination of unwanted proteins using the ERAD system, which is a conserved pathway after evolution (Christianson and Ye 2014) . First, we evaluated if antigens targeted to the ER are degraded by the proteasome when cells were incubated with a proteasome inhibitor for 1 h, antigen expression was elevated in all constructs (Fig. 5a ), confirming that cytosolic and ER-targeted antigens are degraded by the proteasome, although by different pathways. Interestingly, when proteasome was blocked autophagy was increased and the ER stress response decreased. This effect is in agreement with other reports in the literature where the proteasome inhibitor-induced autophagy is reported to be important for controlling ER stress (Ding et al. 2007) .
As ubiquitination of proteins mediates ERAD system, we looked for the ubiquitination of E7 through immunoprecipitation assays in the presence of proteasome inhibitor and a b c Fig. 6 Correlation of the degradation pathway of E7 with ubiquitins. Cells transfected with the SPK, NS constructs and the empty vector as the negative control E, were treated with MG132 and NEM, then E7 protein was immunoprecipitated. After that, analyses were performed by Western blot. a Western blot against E7. b Western blot against general ubiquitins, and c Western blot against ubiquitin K48 linkage. IN: input, complete protein extract; IP: immunoprecipitated proteins; OUT: output, proteins after immunoprecipitation deubiquitinase inhibitors. We found that E7 is ubiquitinated, although not by K48 ubiquitination (which is related to degradation by proteasome) (Fig. 6 ). E7 degradation is not through K48 ubiquitination, but through N-terminal methionine ubiquitination, which directs its degradation directly through 26S proteasome (Reinstein et al. 2000; Emmerich and Cohen 2015) . When cells are stressed, antigen presentation is affected; but this reduction is more severe if the antigen is located in the cytosol than in the ER (Granados et al. 2009 ). In our study, we did not measure antigen presentation because there is no antibody capable of detecting E7 epitopes in the context of MHC-I, but the results observed in this and Granados´exper-iments lead us to hypothesize that there could be a better presentation of E7 when is targeted to the ER by addition of a signal peptide due to the induction of an ER-stress response. Granados suggests that during ER stress, proteasomes focus primarily on the degradation of ER as opposed to cytosolic proteins (Granados et al. 2009) , although this must be demonstrated.
In conclusion, we confirmed that ER stress is induced by the constructs that direct antigens to the ER. More assays are needed to demonstrate that this stress response is responsible for augmentation of peptides that are retrotranslocated to the ER to be loaded in the context of MHC-I on the cell surface and that this leads to a stronger stimulation of the immune system. The results obtained in this work may be useful in the design of better therapeutic strategies based on targeting antigens to the ER to induce an ER-stress response.
